Background {#Sec1}
==========

Anthrax is an acute zoonotic infectious disease caused by *Bacillus anthracis*. *B. anthracis* forms dormant spores that are resistant to extreme environmental conditions and persist in soil for long periods. Herbivorous animals, such as cattle, sheep, and goats, ingest spores in the soil and become infected. There are three primary forms of the disease in humans, including inhalational, gastrointestinal, and cutaneous anthrax. Inhalational anthrax is caused by inhaling aerosolized *B. anthracis* spores*. B. anthracis* has long been considered a potential biological weapon. In the fall of 2001, *B. anthracis* spores were spread through letters mailed in the United States, resulting in 22 cases of anthrax and 5 deaths \[[@CR1]\]. These anthrax bioterrorism attacks affirmed the potential of *B. anthracis* as a biological weapon, and the strains were found to belong to the *B. anthracis* A.Br.Ames lineage \[[@CR2]\].

Investigations of bioterrorism-associated anthrax led to the establishment and improvement of a molecular typing method. *B. anthracis* is a relatively homogeneous bacterial species \[[@CR3]\] due to its long lifecycle, which includes dormant endospores. The global phylogenetic structure of *B. anthracis* was previously defined using a canonical single-nucleotide polymorphisms (canSNPs) method \[[@CR4]\] in which 13 representative SNPs were used to establish a SNP-derived phylogenetic tree. The global genetic population polymorphisms were previously defined using multiple-locus variable-number tandem repeat analysis (MLVA) with 8, 15, 25, and 31 markers \[[@CR5]--[@CR8]\]. These strategies were used to trace the sources of naturally occurring anthrax outbreaks. In the worldwide population of *B. anthracis*, three major lineages (A, B and C) and 12 minor lineages/groups were identified; five canSNP lineages/groups were found in China, including A.Br.001/002, A.Br.Ames, A.Br.Vollum, A.Br.Aust94, and A.Br.008/009. The A.Br.Ames lineage descended from the A.Br.001/002 lineage, which has a major presence in China \[[@CR9]\]. The phylogenetic analysis also indicated that the original Ames strain and a subset of 10 Texas Ames-like isolates as well as Ames-like isolates from China shared common ancestors that originated in Inner Mongolia, China \[[@CR9]\]. In the USA, the Ames strains were thought to be rare in nature even though other Ames isolates were shown to be closely related to the Ames strain isolated in Texas \[[@CR10]\]. A number of *B.anthracis* strains were collected in Chinese CDC, these strains had been checked using 13 canSNP markers according to Van Ert \[[@CR4]\] and assigned to different canSNP lineages. Strains belonging to the Ames lineage were isolated in China as early as 1954 \[[@CR11]\]. During 2007--2018, a total of 99 strains (Liaoning, Sichuan, Yunnan, Guizhou, Shaanxi, Gansu, Beijing, Xinjiang and Inner Mongolia) were collected in Chinese CDC, 71 were assigned to lineage A.Br.001/002, 27 to A.Br.Ames and 1 to A.Br.008/009 (National surveillance data). The Ames lineage has been the second predominant group in recent years. In fact, human anthrax outbreaks caused by the Ames lineage strains are frequently reported in the northern regions of China \[[@CR11], [@CR12]\]. In this study, we reported 21 outbreaks associated with Ames lineage strains from 2007 to 2018 in China. To reveal genetic diversity of these isolates and to investigate the potential relationships of strains responsible for persistent human anthrax outbreaks, a total of 30 Ames lineage strains were further identified by MLVA.

Methods {#Sec2}
=======

Case definition {#Sec3}
---------------

Human anthrax cases, including probable and confirmed cases, were diagnosed according to the unified case definition issued by the Chinese Ministry of Health in 2008. A probable case was defined as an individual patient who had clinical manifestations with an epidemiological history as well as the demonstration of *B. anthracis* in a clinical specimen through the microscopic examination of a stained smear. A confirmed case was defined as a case with clinical manifestations and the isolation of *B. anthracis* or a ≥ 4-fold increase in specific antibody titers against *B. anthracis.* Human anthrax infection associated with *B. anthracis* A.Br.Ames strains was defined according to the isolation of *B. anthracis* A.Br.Ames or by direct epidemiological links to these strains.

Strains and DNA preparation {#Sec4}
---------------------------

A total of 30 Ames lineage strains were used in this study. These strains were isolated between 1954 and 2018 in the provinces of Inner Mongolia, Xinjiang, Liaoning, Guangxi and Gansu. All strains were collected from the National Institute for Communicable Disease Control and Prevention at the Chinese CDC. *B. anthracis* strains were streaked onto LB agar plates and incubated at 37 °C for 16--18 h. Single colonies were suspended in 0.5 ml TE buffer (10.0 mM Tris-HCl \[pH 8.0\] and 1.0 mM EDTA) and incubated at 100 °C for 10 min. Next, cellular debris was removed by centrifugation at 15,000×g for 10 min, and the supernatant was collected and filtered using a 0.22-μm filter. The filtered supernatant was diluted 1:10 with sterile nuclease-free H~2~O and was used as DNA template for PCR amplification. Bacterial culturing and DNA preparation were performed in a Bio-Safety level 3 (BSL-3) laboratory.

MLVA genotyping {#Sec5}
---------------

We used MLVA with 15 markers, including eight initially described by Keim et al. and seven by Van Ert et al. \[[@CR4]\]. The MLVA15 analysis was performed as described previously \[[@CR4], [@CR12]\]. Brief description is as follows. The forward primers were labeled with the fluorescent dyes Fam or Hex. PCR amplifications were performed on a SensoQuest Labcycler (SensoQuest, Germany). The PCR products were analyzed by capillary electrophoresis on an ABI 3730xl genetic analyzer using a GeneScan 1200 LIZ size standard (Applied Biosystems). The lengths of the PCR products were determined according to their sizes using GeneMapper software V. 4.0 (Applied Biosystems). Selected PCR products were sequenced to verify the tandem repeat sequences. The electrophoretic band sizes in this study were corrected according to the sequencing results of the PCR products.

Cluster analysis of the MLVA data {#Sec6}
---------------------------------

Data were imported as character data sets using the BioNumerics software package (version 5.10, Applied-Maths). In addition to the VNTR data for our 30 A.Br.Ames isolates, additional MLVA15 typing datasets for 11 A.Br.Ames strains from previous studies were also included in the clustering analysis. The MLVA profiles were processed by clustering analysis using the categorical coefficient and the unweighted pair-group method with arithmetic means. Cluster analyses of the categorical data are presented in dendrogram.

Results {#Sec7}
=======

Anthrax outbreaks associated with Ames lineage strains in China {#Sec8}
---------------------------------------------------------------

When the Ames lineage strains were identified, the associated outbreak information was recalled and analyzed. A total of 21 human anthrax outbreaks (68 patients) occurred in China from 2007 to 2018 that were associated with *B. anthracis* Ames lineage strains. The anthrax outbreaks were distributed in the provinces of Inner Mongolia, Liaoning, and Xinjiang (Autonomous Region) (Fig. [1](#Fig1){ref-type="fig"}). The Ames lineage strains were isolated from Inner Mongolia in as early as 1955, and they are primarily distributed in the northern regions of China. Guangxi (1994) is the only southern province that reported Ames lineage strain-related infections. In addition, based on their isolation frequencies, more Ames lineage strains were found in Inner Mongolia (17 of 27, 2007--2018), where six counties suffered human infections: Keyouzhongqi, Keyouqianqi, Zhalaiteqi, Linxi, Ewenkeqi and Tongliao. Of these outbreaks, Keyouzhongqi County had the highest number of infections, and human anthrax outbreaks associated with the Ames lineage strains were continually reported from 2010 to 2015. All patients were infected through contact with diseased livestock or contaminated animal products. These observations indicate that the local environment was persistently contaminated with *B. anthracis* spores. Fig. 1Geographical distribution of *B. anthracis* Ames lineage strains in China. The blue areas indicate the provinces with Ames lineage strains outbreaks. Red and green dots indicate the counties where bacterial cultures were isolated and analyzed. The red dots represent the strains isolated from 2007 to 2018, and the green dots represent the strains isolated before 2007. The sources and year of isolation are listed in brackets. We used ArcGIS version 10.0 (ESRI, USA) and Photoshop CS 8.0.1 (Adobe Systems Incorporated, USA) to plot the map

MLVA and the genetic characteristics of the *B. anthracis* Ames lineage strains {#Sec9}
-------------------------------------------------------------------------------

A total of 12 MLVA genotypes were identified among the 30 strains investigated here together with eight Ames lineage strains isolated in China and three strains isolated in the USA that were previously described \[[@CR4]\] (Fig. [2](#Fig2){ref-type="fig"} and supplementary [Table S1](#MOESM1){ref-type="media"}). The three Ames strains isolated in the USA presented different MLVA genotypes than those of the Chinese strains and belonged to MLVA15--25 and MLVA15--26. Ten genotypes were identified in China; aside from the 4 genotypes (MLVA15--27, 30, 31, and 32) and 4 Chinese genotypes (CHN-1, 3, 7, and 8) reported previously, 2 new genotypes were described (according to the Chinese *B. anthracis* Genetic Information Database at the Chinese CDC). One of the new genotypes was found in Inner Mongolia, and one was found in Liaoning. Fig. 2Dendrogram of the genetic relationships of the MLVA genotypes. The MLVA genotype nomenclature follows that of Van Ert et al. (*4*). The new genotypes were named according to the Chinese *B. anthracis* Genetic Information Database; they are labeled "CHN" and are listed on the lines of the dendrogram. The number of anthrax cases (68) associated with the Ames lineage strains are listed in the last column

The 18 Ames lineage strains from Inner Mongolia were divided into 8 MLVA15 genotypes. While there were continual reports of outbreaks in Keyouzhongqi County, two distinctive outbreaks were caused by MLVA15--30 and MLVA15--32. Anthrax infection occurred annually in succession (2010--2015) and was caused by the MLVA15--30 genotype, which is the dominant genotype in Inner Mongolia. Moreover, two historical strains (Gansu 1954, Guangxi 1994) and four Chinese strains described previously in the literature \[[@CR9]\] also belong to the MLVA15--30 genotype. Conversely, the strains that were isolated from Ewenkeqi, Zhalaiteqi, Linxi, Tongliao and Keyouqianqi have different genotypes.

There were 8 Ames lineage strains from Liaoning, and 6 of them isolated in two anthrax outbreaks in 2017 have identical genotype with the strains from Linxi, Inner Mongolia.

Another important genotype, MLVA15--31, was isolated from Liaoning and Xinjiang, and three previously described strains isolated in Inner Mongolia \[[@CR4]\] belong to this genotype.

Discussion {#Sec10}
==========

Human anthrax has been a continuous problem in many rural regions of China \[[@CR13]\]. Ames lineage strains were found in the Inner Mongolia (*n* = 18), Xinjiang (*n* = 2), Liaoning (*n* = 8), Gansu (*n* = 1) and Guangxi Provinces (*n* = 1). A previous study indicated that there are 5 different lineages/groups in China and that the A.Br.Ames lineage mainly exists in Inner Mongolia \[[@CR9]\]. In fact, the Ames lineage strains are widely distributed in northern China, including the above-mentioned provinces (Fig. [1](#Fig1){ref-type="fig"}). In previous study, the Ames lineage strains had been observed scattering from Inner Mongolia to other provinces \[[@CR11]\], and our results provided further evidence for it. Moreover, it has been found that the epidemic caused by Ames lineage strains seems to be spreading in northeast China in recent years. The genetic diversity of these strains is illustrated by the results of the MLVA. The genetic characteristics of the Ames lineage strains from outbreaks in different provinces varied; however, strains isolated from the same outbreak grouped together. In some areas, human anthrax outbreaks occurred annually in succession, and these related strains grouped together. These observations indicate persistent *B. anthracis* spore contamination in this area. Since animal husbandry is always the major pattern of the local economy, vaccination of livestock should become the fundamental control measure.

In the USA, the Ames strain was first identified in Jim Hogg County, Texas, in 1981 and is now widely used as a reference strain \[[@CR2]\]. Later, the Ames strain was identified as the bioterrorism agent used in the 2001 anthrax letter attacks, and at least 10 subsets of Texas isolates from animal anthrax or human anthrax cases were shown to be closely related to the Ames strain. These strains shared common ancestors that were from Inner Mongolia, China \[[@CR9]\]. The Ames lineage was also found in Korea (*n* = 4) and Kazakhstan \[[@CR14], [@CR15]\]. In 2015, Derzelle reported two A.Br.Ames strains that were identified in Denmark in 1988 \[[@CR16]\]. These reports indicate that an Ames-like isolate was probably introduced into the USA by early settlers or traders from Europe during the early to mid-1800s. The disease became established along the coastal regions of the country and then became endemic in Texas.

In a previous study, Van Ert et al. characterized 1033 *B. anthracis* isolates from 42 countries and defined their global population structure using SNPs. Three main groups and 12 subgroups were identified worldwide. These strains were divided into 221 unique MLVA15 genotypes \[[@CR4]\]. Several other molecular genotyping methods, including SNP analysis, MLVA and single-nucleotide repeat (SNR) analysis \[[@CR17]--[@CR20]\], have also been used to illustrate the genetic relationships of *B. anthracis* strains. The canSNP results showed low resolution that was inadequate for the investigation of infectious sources. MLVA can differentiate outbreak-related strains from unrelated strains; this subtyping method allowed human anthrax cases to be linked to environmental specimens and livestock meat and products, providing information about potential infectious sources \[[@CR12], [@CR21]\]. MLVA can discriminate closely related strains from anthrax outbreaks \[[@CR22], [@CR23]\] or bioterrorism-related events \[[@CR24]\]. From the results described in this study, different counties that lacked epidemiological links showed different MLVA patterns, indicating that the MLVA results based on 15 VNTR loci had epidemiological concordance, which is essential for epidemiological and forensic investigations. However, the diversity was observed in only 7 VNTR loci, and mainly in the highly variable pXO1 and pXO2 loci in the study. Although MLVA is the most affordable first line genotyping method in source tracing in outbreak investigation, it couldn't provide enough information for phylogenetic analysis. With the development of next generation sequencing, more precise methods based on genome-wide SNP analysis \[[@CR25], [@CR26]\] will allow for the analysis of outbreak isolates and will provide insight into how mutations and microevolution shape the Ames lineage during an epizootic.

In this study, historical strains were clustered with outbreak-related strains despite large geographical distances. For example, a strain isolated from Guangxi grouped with the dominant genotype in Inner Mongolia. However, Guangxi is geographically distant from Inner Mongolia, and there is no obvious route of transmission, remote transmission may have occurred. In addition, a human anthrax outbreak occurred in Jiangsu Province in 2012, even though no historical endemic areas of anthrax were identified by national surveillance in China. By performing epidemiological investigations and molecular subtyping, the anthrax infection was found to originate in Liaoning Province in northern China, where anthrax cases are reported almost every year \[[@CR12]\]. Highly stable *B. anthracis* spores may play an important role in the transmission of diverse genotypes via the transport and trade of contaminated commodities. So strengthening quarantine on animal and animal products is an important measure to control transmission of anthrax.

Conclusions {#Sec11}
===========

The Ames lineage descended from the A.Br.001/002 lineage, which has a major presence in China. It has been also found in USA, Korea, Kazakhstan and Denmark. In the study we studied the genetic characteristics of the Ames lineage strains isolated in China by MLVA. A total of 10 MLVA genotypes were identified and 2 new genotypes were found. These strains from outbreaks in different provinces varied. The 18 Ames lineage strains isolated from Inner Mongolia were divided into eight MLVA genotypes. In some areas, human anthrax outbreaks occurred annually, and these related strains grouped together. The result showed that the MLVA method is a useful genotyping tool for *B. anthracis*, it will be helpful in the infectious sources tracing in anthrax outbreaks.
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**Additional file 1: Table S1.** *B. anthracis* Ames lineage strains and the MLVA profiles identified in this study.

MLVA

:   Multiple-locus variable-number tandem repeat analysis

SNP

:   Single-nucleotide polymorphism

VNTR

:   Variable-number tandem repeat
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